The energy consumption and thermal comfort in buildings are heavily affected by weather conditions. Therefore, the aim of this paper is to analyze the bioclimatic potential of Algerian climate zones. This analysis was made based on eight representative locations using recent weather datasets (2003)(2004)(2005)(2006)(2007)(2008)(2009)(2010)(2011)(2012)(2013)(2014)(2015)(2016)(2017). The thermal comfort and passive design potential analysis were based on a psychometric chart applying the adaptive comfort model ASHRAE 55-2017. In addition, an evaluation of the bioclimatic potential was conducted using simulations of a monitored and calibrated residential building model in Algeria using EnergyPlus. The building model has been tested in eight previously selected locations. The heating and cooling energy load results were calculated for each climatic zone and compared. The results allow architects and urban planners to better understand the climate and provide practical design guidance.
Introduction
The present and future of sustainably built environments is influenced by the ability of architects, engineers, and urban designers to create buildings that reduce building-associated carbon dioxide emissions and at the same time achieve high levels of thermal comfort [1] . However, this ability is influenced by the understanding of the local climate and the application of corresponding bioclimatic design principles and strategies [2] . In the past, many innovative heating, ventilation, and air conditioning (HVAC) technologies have been proposed to improve the indoor conditions, regardless of energy savings. Today, the integration of passive and active design solutions in newly constructed buildings is becoming a must worldwide. The recent progress with respect to adaptive thermal comfort models and their proliferation influence our understanding of the bioclimatic building performance [3] [4] [5] . Therefore, bioclimatic studies that investigate the effects of climate on the thermal comfort conditions and the building heating and cooling energy demand are increasingly receiving attention from the research and development community [6] [7] [8] .
Integrating bioclimatic analysis tools into daily urban or architectural design practices is a challenge but an essential step towards realizing effective climate-responsive design [8] . Several analytical tools are available for the quantification of the potential effectiveness of design strategies, e.g., the ECOTECT Weather Tool [9] and Climate Consultant [10, 11] . However, most of those analytical tools depend on static comfort models of fully space-conditioned buildings and are not suitable for buildings in hot climates [8] . More importantly, some of them lack sensitivity to hot climates and provide misleading design recommendations [7, 8, 12, 13] . Providing accurate bioclimatic design recommendations is essential for making informed design decisions in early design stages [14, 15] .
In this paper, we adopt a dual approach that combines psychrometric chart-based analysis with building performance simulation analysis for the development of accurate bioclimatic design recommendations for Algeria. This research approach is inspired by and builds on the work of Kumar et al. and Kishore et al. [16, 17] and adds up on to it. Our research approach integrates the ASHRAE-55 adaptive comfort model as a novel assessment component. The main aim of this paper is to analyze the bioclimatic potential of passive design strategies in Algeria. The paper has two objectives: and cooling energy loads of a calibrated residential building for the eight selected cities.
The value of the paper is based on providing a systematic and methodological approach to assess the bioclimatic design potential in Algerian cities based on updated weather datasets. Validated bioclimatic design recommendations for comfort and passive heating and cooling in Algeria are obtained by using a recent dataset (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) of eight Algerian cities and a calibrated reference building for building performance simulation.
The paper is organized as follows. A literature is provided in Section 2. The research methodology and analysis results are described in detail in Sections 3 and 4. Section 5 reflects on the results of the reference case simulation and provides a critical discussion of the study's strength, limitations, and future implications. The paper is concluded in Section 6 by highlighting the key findings and contributions of the study.
Literature review
The importance of bioclimatic studies is growing and gaining momentum every year. The aim of bioclimatic studies is to understand the climate to maximize the benefits of bioclimatic building design strategies and ensure thermal comfort and increase the energy efficiency. Although being one of the most important aspects of building energy efficiency, several advances have been made in this field in recent years. Our literature review included more than 140 publications, found on Scopus and the Web of Science, relevant to the field of bioclimatic analysis. However, we selected the most relevant publications and classified them into groups using three main categories, which are described in the following paragraphs.
The first group of studies regarding bioclimatic analysis contains the oldest publications that relied on using bioclimatic charts to assess the climate and provide design recommendations for designers. The building bioclimatic chart indicates if the temperature and humidity conditions are within the comfort range of a building designed to effectively benefit from bioclimatic design strategies [18] . The most important publications of this group based on charts 1) are Mollier's psychrometric chart (1923), 2) Olgyay's chart (1963), and 3) Dekay and Browns chart (2004) [19] [20] [21] .
The chart of Mollier is the one that is most famous and widely used by engineers, architects, and urban planners [16] . The chart evolved and benefited from the significant contributions of Givoni and Milne in 1979 that combined different bioclimatic design strategies in a chart [22] . In the same year, Milne developed an interactive computer-aided tool for passive solar design that later became the Climate Consultant program [23] . In the 1980s and 1990s, several researchers contributed to the psychrometric chart and applied unique comfort models [24] . More recently, several researchers applied the psychrometric chart to local contexts [25] [26] [27] [28] . The chart of Olgyay has been used less because it is less comprehensive. However, several researchers applied it and validated its outcomes in the last years. The work of Katafygiotou et al. [29] on Cyprus and Pajek et al. [30] on Slovenia have recently become two of the most cited publications. The third type of chart that was published in 2004 by Dekay and Brown has been used in recent research in Australia, Iran, and Madagascar [8, 11, 31, 32] . Unfortunately, bioclimatic charts lack sensitivity to hot climates and provide misleading design recommendations [15, 16] .
The second group of studies regarding bioclimatic analysis mainly relies on building performance simulations to assess the climate and provide recommendations for designers. The building performance simulation (BPS) is the replication of aspects of the building performance using a computer-based, mathematical model created on the basis of fundamental physical principles and sound engineering practice [33] . This group is characterized by an abundance of publications worldwide. Therefore, we focused on the publications most relevant to Algeria, which aimed to calculate the bioclimatic potential or heating/cooling degree days or run simulations to predict the impact of climate change. This includes the work of Khouki et al. [34] who assessed the effectiveness of bioclimatic design strategies in hot dry regions of Algeria and that of Imessad et al. [35] who focused on assessing the effectiveness of passive cooling in Algiers. Among those studies, the study of Ghedamsi et al. [36] is the most relevant and comprehensive study in which the annual heating and cooling requirements of buildings in different regions of Algeria were calculated using the degree days method. Unfortunately, none of those studies followed a comprehensive approach that covers all climatic regions of Algeria while providing validated bioclimatic design recommendations that designers can apply in early design stages. More importantly, most studies that follow the simulation-based approach are post-design evaluations and mainly consider only hypothetical non-bioclimatic comfort models and thus do not validate early-design bioclimatic recommendations.
The third group of studies regarding bioclimatic analysis mainly relies on a mixed approach combing bioclimatic charts and building performance simulations to assess the climate and provide recommendations for designers. This group of studies emerged in 2017 with the work of Pajek et al. [12] who investigated the climatic potential of five cities in Slovenia and the work of Ali-Toudert et al. [37] who focused on two climatic zones in Algeria. The work of Kumar et al. and Kishore et al. [16, 17] also belong to this group because they systematically combined bioclimatic chart analysis with building performance analysis for India. The advantage of the mixed approach is that it allows comparing the simulation results with the bioclimatic potential analysis to validate the design recommendation. More importantly, validated design recommendations are grouped and classified in a comprehensive way based on this approach, which contributes to the consolidation of the knowledge of bioclimatic design on national scales.
This overview and classification of literature demonstrate that the mixed bioclimatic analysis approach should be adopted to obtain information about the design of bioclimatic buildings. The literature review indicates that this mixed bioclimatic analysis approach has been the most studied approach in recent years, particularly in Algeria. Thus, the lack of validated design recommendations for bioclimatic design may inhibit the integration of bioclimatic design solutions and technologies in future buildings.
In this paper, we present the results of the application of a mixed approach that combines bioclimatic analysis and building performance simulations to address several of the points mentioned above. More specifically, the validity of bioclimatic design strategies in Algeria was 
Materials and methods
The research methodology is based on a comparative approach that quantifies the bioclimatic potential of different locations in Algeria using recent weather datasets. Firstly, the annual bioclimatic potential is quantified using simple psychrometric charts without considering the building effect. Secondly, a simulation model for a representative case study in Algeria is used to assess the bioclimatic potential including the building effect. Our methodology is inspired by the work of Khambadkone and Jain [38] who applied this approach in India. We applied their methodology to a new context. Fig. 1 presents the detailed conceptual framework of the study describing the steps of the research methodology. The conceptual framework of this study can be divided into four major steps. Each step is described in detail in the following sections.
Literature review
A literature review was conducted including recent publications that aimed to assess the bioclimatic potential worldwide. The publications included scientific manuscripts that focus on climate zoning and bioclimatic design. Our initial Scopus and Web of Science research resulted in more than 140 publications relevant to bioclimatic analysis. We then narrowed the research scope to focus on bioclimatic analysis in hot and hot-arid climates. The publication information was imported to the software HistCite for analysis and grouped into three categories: bioclimatic chart-based analysis, building performance simulationbased analysis, and mixed analysis. Moreover, a review of Algerian national standards and codes was performed to cover the local state of the art and reflect the regulation landscape. The results of the literature review are presented in Section 2.
Selection of representative locations
According to the Algerian National Center of Studies and Researches Integrees of the Building (CNERIB: Centre National d'Etudes et de Recherches Integrees du Batiment) and the thermal regulation (DTR C3-2) [39] for residential buildings, Algeria has six distinguished climatic zones: Zone (A): in the north of Algeria, including the coastal zone; Zone (B): in the south of zone (A), including the plain behind the seashore; Zone (C): in the south of zone (B), including the highlands; Zone (D): in the south of Algeria, including the desert; and the climate zones (B′) and (D′), representing subzones within the main zones (B) and (D), respectively. Some of the characteristics of the subzones differ from those of the main zones. For example, they have the same characteristics in winter as the main zones, but they are very hot in summer compared with the main zones (B) and (D). For our investigation, we selected eight locations because climate zone (D) covers a large area in the south of Algeria and we thus added two weather stations to this zone (see Table 1 ). Among those weather stations, we distinguished in Guezzam city, located in the south of Tamanrasset Region, because it has specific climatic characteristics. In Guezzam has an annual global radiation that exceeds 7600 Wh/m 2 [40] . This could have an impact on other climate data for this location. We also used a map with the official climatic zones of Algeria. Fig. 2 indicates the locations of the eight selected weather stations.
Fig. 1.
Conceptual framework of this study.
Climate data
In this study, recent weather datasets (2003-2017) for eight locations were used. The last version of the Typical Meteorological Year (TMY) hourly weather data files for the eight selected locations was used (see Table 1 ). These weather data were created by the Algerian National Meteorology Office and made available by the United States Department of Energy [41].
Calculation of annual bioclimatic potential
A psychrometric chart and the adaptive comfort model ASHRAE 55-2017 were used to calculate the bioclimatic potential of the eight selected locations. The selection of the ASHRAE 55-2017 adaptive comfort model was based on the recommendations of Attia et al. [8] who consider it as the best available socioeconomic model that sets no humidity limit, which is essential in the coastal cities of Algeria. 
S. Semahi, et al. Building and Environment 161 (2019) 106271
The hourly weather data of each location were plotted on the psychrometric chart. The data plots were created using three major bioclimatic design strategies or combinations of the three strategies:
The literature review indicated that the three strategies listed above are the most effective design strategies, which are suitable for the climate of Algeria and should be prioritized by designers [34, 42] . The boundaries of the thermal comfort zone were limited by the comfort temperature calculated by the adaptive comfort model ASHRAE 55-2017. The zone of direct evaporative cooling was limited by the thermal comfort zone. The wet-bulb temperature (WBT) maximum in summer is ∼24°C and the Dry Bulb Temperature (DBT) maximum is about 44°C (in hot-dry developing countries) according to Givoni [43] . The potential of thermal comfort, passive cooling, and passive heating were calculated based on the number of hourly data points within each boundary on the chart. The passive solar heating zone is a function of the building design. The lower limit of this zone is defined by the lowest outdoor air temperature at which the available solar radiation will produce minimum comfort temperatures. The bioclimatic chart for the eight selected locations was created based on these assumptions. Eqs (1) and (2) provide the basis of the bioclimatic potential calefactions:
• Optimal comfort temperature (°C) [5, 11] :
(1)
Upper 90% acceptability limit (°C):
Lower 90% acceptability limit (°C):
where ƒ(T out ) is the prevailing mean outdoor air temperature (t pma(out) ) in ASHRAE 55 for 2013 and 2017 and the mean monthly outdoor air temperature in ANSI/ASHRAE 55 for 2004 and 2010.
• Prevailing mean outdoor air temperature (°C) [5] :
where α is a constant ranging between 0 and 1 and t e (d-1) is the daily mean external air temperature at time d of a series of equal intervals (day).
In the last two versions, ANSI/ASHRAE 55 suggests an α value of 0.9 for climates in which the day-to-day temperature variation is relatively minor, such as the humid tropics, and a lower α value of 0.6 for midlatitude climates in which the day-to-day temperature variation is more pronounced.
Reference building
A representative reference building was selected to conduct building performance simulations. The case study includes a multi-family social housing typology in Biskra in the southwest of Algeria (coordinates: Fig. 3 . Details of the selected multi-family social housing building typology; (a) real view of the building, (b) floor plan, (c) section, (d) front façade. 34°51′N 5°44′E; altitude: 87 m; Biskra, Latin Vescera). Biskra's climate is classified as hot desert climate and falls in zone BWh in the Köppen climate classification. This typology was chosen because it represents the most common typology in Algeria. The selected apartment was in the first floor to be more representative because the ground floor and highest floor are more affected by the outdoor environment. In addition, we were able to take real measurements in this apartment. Fig. 3 shows the characteristics of the reference building, which is a housing typology commonly found in most urban dense cities in Algeria. Table 2 presents the thermophysical properties of the building elements according to the Algerian Thermal Regulation of Residential Buildings [39] .
Simulation model and validation
The reference building was modeled using EnergyPlus v.8.3 software, which is a validated program for the simulation of the building thermal performance [45] . Fig. 4 shows the 3D model of the reference building. The building geometry (see Fig. 3 ) and thermal properties of the real building components (Table 2) were used as the simulation model input. The systems of heating, cooling, and Domestic Hot Water (DHW) were represented based on a building audit, similar to the schedules of occupancy, lighting, heating, cooling, and DHW (see Fig.  A) . The TMY hourly weather data file for Biskra was used to represent the outdoor weather conditions. The following two sections describe the performance monitoring that was conducted for the reference building and the use of the monitoring data to validate the model.
Building audit and monitoring
The indoor air temperature and energy consumption of the selected apartment were monitored during 2016. A walkthrough visit was performed to identify the major energy use equipment (e.g., heating systems, air conditioners, ceiling fans, lighting, water heaters, stoves) and questions were asked about the living habits of the occupants to create occupancy and other related schedules. The indoor air temperatures were continuously recorded from January 21-27, 2016, (168 h) in the winter period and from July 12-18, 2016, (168 h) in the summer period. The indoor air temperatures were determined every hour with a Testo-480 measurement kit. We used the sensor temperature and humidity. The measurement range is −20°C to +70°C at an accuracy of ± 0.5°C. The instrument was installed in the living room. The measurements taken in the main living space of the apartment are considered representative, similar to the work of Colton et al. [46] and Lai et al. [47] . To avoid data distortion due to radiation from floor and walls, the instrument was placed in the center of the space at a height of 1.4 m, which is the medium clear height of the living room. The monthly electric and gas consumptions (kWh) were registered during 2016; the data were collected from electricity and gas meters.
Calibration method
The calibration focused on how closely the simulated results match the monitored data. The calibration was an essential step to allow the creation of a reliable simulation model. The simulation model was calibrated using the present building physics conditions and patterns of energy use. To calibrate the building simulation model, ASHRAE Guideline 14 was followed. Two indices of the ASHRAE Guildine 14 were used for our manual calibration: 1) mean bias error (MBE), and 2) coefficient of variation or root-mean-square error [CV (RMSE)]. The MBE is a nondimensional measure of the overall bias error between the measured and simulated data with a known time resolution. The CV (RMSE) indicates how well the simulation model describes the variability in the measured data. The MBE and CV (RMSE) values were calculated using the following equations:
where Mi and Si are the measured and simulated data at time interval I and Np is the total number of data values used for the calculation. According to ASHRAE Guideline 14 [48] , the simulation model is considered calibrated if:
• hourly MBE values are within ± 10% and hourly CV (RMSE) values are below 30%
• monthly MBE values are within ± 5% and monthly CV (RMSE) values are below 15%
The simulation was calibrated using two data categories: 1) hourly indoor temperature, and 2) monthly energy consumption. Each data Table 2 Thermal properties of the building elements of the selected multi-family social housing typology [39, 44] . 
Calculation and comparison of energy loads
After validating the building performance simulation model, the thermal comfort and annual energy consumption of the reference case were calculated. The annual energy consumption and discomfort hours of the eight selected locations were simulated. A statistical method was used to compare the results of the simulation and bioclimatic potential. The results of the simulation and the comparison with the bioclimatic potential analysis are described in Section 4.3.
Results

Bioclimatic potential of the eight selected locations
The monthly minimum and maximum adaptive comfort temperature ranges for the selected eight locations were calculated using the ASHRAE adaptive model and Eqs (1) and (2) . The weather data used in this calculation are the averages of 15 years (2003-2017) for each location. Table 4 shows that each city has a monthly upper and lower limit. Based on the identification of the monthly adaptive comfort limit thresholds indicated in Table 4 , we selected the highest and lowest comfort temperatures of all months for each location to obtain the annual adaptive comfort temperature range.
The annual bioclimatic potential of the three major design strategies was calculated (see Table 5 ). The percentage of each bioclimatic strategy's potential is listed in Table 5 . The psychrometric charts were plotted using the hourly weather data for each location, as shown in 
Annual thermal comfort potential
The annual thermal comfort potential (%) was calculated for the different locations, as shown in Fig. 6 . It represents the percentage of comfortable time (h) during the year without the use of any bioclimatic strategies. Fig. 6 shows that the weather in Chlef is characterized by the highest number of hours within the comfort limits (28%). This location has a higher comfort period compared with the other locations in Algeria. In contrast, the annual comfort potential of Setif and Tamanrasset (within the Tamanrasset Province) is ∼18.5%. These locations have the lowest number of comfort hours throughout the year.
Annual natural ventilation potential
The annual natural ventilation potential (%) was calculated for the different locations shown in Fig. 7a . The natural ventilation strategy allows to extend the upper comfort threshold to a maximum of 3°C according to ASHRAE 55 [50] . As shown in Fig. 7a , the highest potential to increase the comfort hours by natural ventilation was observed in Chlef and Algiers (∼19%). In contrast, Setif has the lowest value (11.6%); natural ventilation can be considered as an effective passive strategy.
Annual direct evaporative cooling potential
The annual evaporative cooling potential (%) for the different locations was calculated, as shown in Fig. 7b . It represents the percentage of time during the year during which the comfort limit is extended above the upper limits of comfort by using direct evaporative cooling. Evaporative cooling can extend the comfort period by ∼47.5% in Tamanrasset (in Guezzam). This value shows that evaporative cooling is very effective in the Tamanrasset Province. In contrast, evaporative cooling is the least effective strategy in Algiers (3%).
Annual passive solar heating potential
The annual passive solar heating potential (%) for the different locations is shown in Fig. 7c . It represents the percentage of time during the year during which the comfort is extended below the lower comfort threshold through direct solar radiation. Passive solar heating extends the comfort period by ∼14% in Chlef, which has the highest potential compared with the other locations. The lowest passive solar heating potential is obtained in Tamanrasset (1%).
Validation of the simulation model calibration
The MBE and CV(RMSE) were used for different comparisons between measured and simulated data. Table 6 outlines the MBE and CV (RMSE) calibration results. The model was validated using Table 6 . Fig. 8 shows the comparison between the measured and simulated indoor temperatures for the monitored periods. In the winter period, the MBE is −2% and the CV(RMSE) is 5.1%, while the admitted limit is ± 10% and ± 30%, respectively. In the summer period, the MBE is −1.5% and the CV(RMSE) is 4.9%, while the admitted limit is ± 10% and ± 30%, respectively. The model MBE and CV(RMSE) values for the hourly data are within ASHRAE-recommended hourly values. The 
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simulation model was calibrated using hourly data. Fig. 9 shows the comparison between the measured and simulated energy consumptions during the monitored periods. For the electricity consumption, the MBE is -0.6% and the CV(RMSE) is 7.8%, while the admitted limit is ± 5% and ± 15%, respectively. For the gas consumption, the MBE is 0.4% and the CV(RMSE) is 6.6%, while the admitted limit is ± 5% and ± 15%, respectively. The model MBE and CV (RMSE) values for the monthly data are within ASHRAE-recommended hourly values. The simulation model was calibrated using monthly data, which validate it.
Energy loads for the eight selected locations
Annual cumulative comfort potential and simulated discomfort hours
The annual cumulative comfort potential represents the percentage of time during the year during which comfort is achieved by using passive strategies (Natural Ventilation (NV), Direct Evaporative Cooling (DEC), and Passive Solar Heating (PSH)). The annual simulated discomfort hours indicate the percentage of time during the year during which passive or active strategies are necessary to achieve comfort. Fig. 10 shows the comparison between the annual cumulative comfort potential (estimated potential) and annual simulated discomfort hours for the eight selected locations.
The combination of the bioclimatic strategies in Adrar has a comfort potential of 82%. This is the highest value compared with the other locations. However, the simulation result lowers the potential comfort estimation coverage to ∼75%. In fact, the simulation results indicate that Adrard, Bechar, Tamanrasset, and Biskra have a potential of 75% to passively achieve thermal comfort. On the other hand, nearly 48.5% of the total annual hours are potentially comfortable if all passive strategies would be combined in Guelma. This is the lowest value compared with the other locations. However, the simulation result increases the potential comfort estimation coverage to ∼63%. The comfort potential calculation and simulation analysis for Chlef and Algiers yield almost identical results, as shown in Fig. 11 .
To determine the correlation between the psychrometric-based and simulation-based analysis results, Fig. 12 shows the results of the linear regression analysis between the annual cumulative comfort potential and annual simulated discomfort hours. The regression analysis between the annual cumulative comfort potential and annual simulated discomfort hours indicates a strong correlation, with a Pearson correlation coefficient (R) of 0.8 and regression coefficient (R 2 ) of 0.6 (Table 7) .
Annual passive cooling potential and annual cooling load
The annual passive cooling potential represents the addition of the annual natural ventilation and annual evaporative cooling potential. This value indicates the period of time during which cooling is required and thus the cooling energy consumption. Fig. 13 shows the comparison between the annual passive cooling potential (estimated cooling potential based on the psychrometric chart) and annual cooling load (simulated cooling load) for the eight selected locations. Tamanrasset has the highest annual passive cooling potential (60%) as well as the highest annual cooling energy consumption (163.9 kWh/m 2 ) compared with the other locations. Guelma, Setif, and Algiers have the lowest passive cooling potentials (between 17.8% and 21.9%) as well as the lowest cooling loads (6.1 kWh/m 2 for Setif, 9.9 kWh/m 2 for Algiers, and 13.3 kWh/m 2 for Guelma). Fig. 14 shows the results of the linear regression analysis between the annual passive cooling potential and annual cooling load for the eight selected locations. The regression analysis between the annual cooling potential and annual cooling load indicates a strong correlation, with a Pearson correlation coefficient (R) of 0.96 and regression coefficient (R 2 ) of 0.9 (Table 7) .
Annual passive solar heating potential and annual heating load
The passive solar heating potential indicates the period of time during which heating is required and thus the heating energy consumption. Fig. 15 shows the comparison between the annual passive heating potential (estimated heating potential) and annual heating load (simulated heating load) for the eight selected locations. The passive solar heating potential of all locations is low and does not exceed 14%. ). Fig. 16 shows the results of the linear regression analysis between the annual passive heating potential and annual heating load for the eight selected locations. The regression analysis between the annual heating potential and annual heating load indicates a strong correlation, with a Pearson correlation coefficient (R) of 0.88 and regression coefficient (R 2 ) of 0.7 (Table 7) .
Discussion
Summary of the main findings
In this study, we performed a climatic analysis of eight Algerian cities to assess the effectiveness of bioclimatic design strategies. We applied a mixed approach that combines psychometric chart analysis and building performance simulation analysis. By using recent and high-quality weather datasets, we quantified the effectiveness of bioclimatic design strategies based on an accurate and modern approach using a recent adaptive comfort model (ASHARE 55-2017). Our study findings indicate that psychrometric chart-based bioclimatic potential analysis for all investigated locations does not correspond with the simulation-based energy and comfort analysis (see Table 8 ). For example, the estimation of the discomfort hours in Algiers is almost identical, (57% and 58%), when calculated using both approaches. This result agrees with the results of Ali-Toudert et al. [37] who evaluated the A and D climate zones. The cumulative comfort potential analysis results (using psychrometric charts and building performance simulations) for almost all cities are almost identical, except for Setif and Guelma for which the psychrometric charts indicate a significant underestimation of the discomfort hours compared with the simulation results (see Fig. 10 ).
To summarize the major simulation-based findings, we list the most important and tangible outcomes of our bioclimatic analysis of the thermal comfort (see Table 8 ): • Based on our simulation, Guelma, Setif, and Algiers have common summer discomfort hours ranging between 7% and 10%, while the winter discomfort hours range between 51% and 60%.
• Chlef, Bechar, Biskra, and Adrar have summer discomfort hours ranging between 25% and 49%, while the winter discomfort hours range between 26% and 43%.Surprisingly, Chlef, which is located in the north of Algeria (Zone B′), has the same discomfort hours percentage as Zone D in the south of Algeria (desert).
• The percentage of summer discomfort hours in Tamanrasset is above 67%, while that of the winter discomfort hours is below 5%. This result can be explained by the solar radiation parameter, which is very high in this zone. It can exceed 7000 Wh/m 2 , which was confirmed by Yaiche et al. (2014) [40] .
Our bioclimatic analysis results regarding the passive cooling potential are listed below:
• The bioclimatic potential analysis overestimates the cooling needs of most locations, except for Adrar and Tamanrasset.
• Regarding the passive cooling, our annual cooling load calculation indicates that Adrar and Tamanrasset are the locations with the highest amounts, with cooling requirements as reported by Ghedamsiet al. (2016) [36] . Tamanrasset is followed by Bechar, Biskra, and Chlef.
• The locations with the least cooling requirements are grouped and include Algiers, Setif, and Guelma because they more easily receive humid winds from the sea (see Fig. 13 and Table 8 ) [51] . 
Table 7
Summary of the validation of the linear regression between the annual bioclimatic potential and annual energy loads. The direct evaporative cooling represents the most effective strategy in the south of Algeria (Zones D and D') because the climate in the south is hot and dry (warm climate with very high temperatures during summer). The evaporative cooling potential exceeds 50%. In addition, the direct evaporative cooling potential of the climate increases as the location geographically changes from the north towards the south of Algeria. The evaporative cooling potential is very low (< 4%) in the north (Zones A and B) because these zones are exposed to the sea. However, these zones have the highest natural ventilation potential.
With respect to the passive heating potential, there is a significant difference between the potential estimation and calculation of the heating needs for Setif and Guelma. Our results indicate that the difference of the bioclimatic potential between stations in the same zone is significant although some locations are in the same climate zone (see Table 8 ). Our bioclimatic analysis results regarding the passive heating potential are listed below:
• The annual heating load calculation indicates that Setif has the highest heating load requirements due to its geographical location and altitude.
• Setif is followed by Algiers, Guelma, and Chlef, which form a group with similar heating load requirements.
• Bechar, Biskra, and Adrar benefit slightly less from passive heating.
• Tamanrasset is an extreme, where passive heating is the least effective because Tamanrasset is influenced by solar irradiation (see Fig. 15 and Table 8 ).
• The heating loads in the south represent 30% of the cooling loads. In contrast, the cooling loads in the north represent 11% of the heating loads, which agrees with the results obtained by Ghedamsi et al. 
Strength and limitations of the study
The strength of the study relates to the use of a recent approach that combines simple chart-based bioclimatic analysis with simulation based advanced building performance analysis. The study uses high-quality data based on a recently compiled climatic dataset for Algerian weather stations. We believe that this recent approach, which was already used by Kumar et al. (2016) and Kishore et al. (2018) [16, 17] and resembles similar approaches of Attia et al. (2019) [8] , Pajek et al. (2018) [12] , and Ali-Toudert et al. (2017) [37] , benefits from the abundance of weather station data, advancements of simulation approaches and computational power, and advancement of the definition of adaptive comfort standards for hot climates. Our study is the first study that provides an accurate estimation of the bioclimatic potential for the whole country of Algeria in contrast to previous research (Ali-Toudert et al. [37] ) that focused on specific climate zones of Algeria.
The quantification of the effectiveness of the bioclimatic strategies based on recent weather provided insights into the bioclimatic design potential for the six climatic zones of Algeria. Based on the use of the calibrated simulation model, reliable results could be obtained regarding the thermal building performance and associated consequences of active heating and cooling system requirements. On the other hand, this study has several limitations. Our reference case does not represent different housing typologies and is not adapted to the climate of each climatic zone. In addition, the calibration period of the simulation model is only one week for indoor temperatures and one year for electricity readings using a manual trial-and-error-based calibration approach. The study could have benefited from a longer monitoring period (three to five years) and an automated calibration using annual hourly data. However, we conducted our study using the best available data.
Implications for the practice and future research
The study results help to identify which bioclimatic design strategy is the most effective in each climate zone. We believe that architects and building engineers can apply our findings to their design concepts in early design stages to improve the indoor thermal comfort using passive design solutions. The presented tables and figures allow designers to apply adequate bioclimatic design strategies and evaluate the need for active systems in each climate zone using an adaptive comfort model that is suitable for the hot climate of Algeria. Another important implication of our study is that it calls for the creation of a new bioclimatic comfort map with more representative weather stations. Our study confirms that the current climatic classification of Algeria is obsolete. The National Building Efficiency Standard of Algeria must be updated. Therefore, we believe that the engagement with code officials to adopt and implement our findings and recommendations will anchor the impact of our study in the professional practice of building energy efficiency. Future research should focus on investigating the thermal comfort in each climatic zone of Algeria and developing climate specific design recommendations.
Conclusion
The bioclimatic potential of the six climate zones, including eight cities of Algeria, was calculated and compared using psychrometric charts and building performance simulations. A monitoring-based simulation model was created and calibrated for a reference case including eight Algerian cities. Despite the strong correlation between both bioclimatic potential analysis approaches (psychrometric chartbased and simulation-based), the results indicate a contradictions of bioclimatic potential estimations in several heating-dominated cities such as Setif, Guelma, and cooling dominated cities such as Tamanrasset. Therefore, our study findings indicate the misleading nature of psychrometric-based bioclimatic potential analysis in all cooling-dominated cities and all heating dominated cities. Overall, Algerian cities can be classified into two major categories including cooling-or heating-dominated cities. The percentage of average discomfort hours in Algerian households across all climatic zones is 60%. Evaporative cooling is the most effective bioclimatic design strategy in Algeria, accounting for 60% of the hours annually in cooling-dominated cities due to their arid nature. Passive solar heating is the most effective bioclimatic design strategy in Algeria, accounting for 40% of the hours annually in heating-dominated cities due to their high altitudes. Our study confirms the need for a new bioclimatic zoning map for Algeria.
The following design recommendations characterize the bioclimatic conditions of each investigated city and provide guidance regarding the most effective passive design strategies based on Tables 1 and 5: 1. Algiers has a subtropical Mediterranean climate with dry summers.
Natural ventilation and direct evaporative cooling are the most effective during summer and passive solar heating is the most effective during winter. 2. Guelma has a Midetereanan climate and is moderately rainy with colder and longer winters than those on the coast with hot and less humid summers. Natural ventilation and passive solar heating are effective in summer and winter, respectively. 3. Chlef has a subhumid and Mediterranean climate with cold winters and hot summers. The cooling period is long, accounting for 56% of the annual hours. Natural ventilation is the most effective during summer, followed by direct evaporative cooling. In winter, passive solar heating is the most effective strategy. 4. Setif has a continental climate with hot dry summers and very cold dry winters. In winter, passive solar heating is the most effective. In summer, natural ventilation and direct evaporative cooling are the most effective. 5. Biskra has an arid climate with the high temperature disparity between day and night as well as between summer and winter. Direct evaporative cooling is the most effective strategy in the summer, followed by natural ventilation. However, passive solar heating is the most effective in the winter. The duration of the heating period is equal to that of the cooling period. 6. Bechar has an arid climate with a high temperature disparity between day and night as well as between summer and winter. Direct evaporative cooling is the most effective strategy in summer, followed by natural ventilation. However, passive solar heating is needed in winter. The duration of the heating period is the same as that of the cooling period. 7. Adrar has an arid climate with dry and very hot summers and very cold winters. Direct evaporative cooling is the most effective strategy in summer, followed by natural ventilation. However, passive solar heating is needed in winter. The heating period accounts for 52% of the annual hours. 8. Tamanrasset has very dry or hyperarid and sunny climate all year round. Direct evaporative cooling is the most effective strategy in summer and passive solar heating is unnecessary in winter. 
